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Bifocal Is a Downstream Target of the Ste20-like
Serine/Threonine Kinase Misshapen in Regulating
Photoreceptor Growth Cone Targeting in Drosophila
specific expression of cell surface molecules. In the
cerebral cortex for instance, it is suggested that cells
within each cortical layer are labeled specifically with
membrane-bound proteins that may be recognized by
subgroups of axons (Bolz et al., 1996). In the chick visual
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system, expression of the cell adhesion molecule1650 Cedar Avenue
N-cadherin by subtypes of laminae has been shown toMontreal, Quebec H3G 1A4
be required for layer-specific targeting of distinct sub-Canada
types of retinal axons in the optic tectum (Inoue and
Sanes, 1997). While it is clear that those layer-specific
signals must elicit certain cytosketetal changes withinSummary
the incoming growth cone to shut down its motility, the
underlying molecular events that relay targeting signalsMisshapen (Msn) has been proposed to shut down
to the growth cone cytoskeleton remain largely unde-Drosophila photoreceptor (R cell) growth cone motility
fined.in response to targeting signals linked by the SH2/SH3
To gain insight into the molecular mechanism thatadaptor protein Dock. Here, we show that Bifocal (Bif),
converts targeting signals into the arrest of axonala putative cytoskeletal regulator, is a component of
growth, we have undertaken genetic analysis to investi-the Msn pathway for regulating R cell growth cone
gate the control of photoreceptor (R cell) growth conetargeting. bif displays strong genetic interaction with
targeting in Drosophila. The Drosophila compound eyemsn. Phenotypic analysis indicates a specific role for
consists of 800 ommatidia, each containing eight dif-Bif to terminate R1–R6 growth cones. Biochemical
ferent R cell subtypes that project axons into one of twostudies show that Msn associates directly with Bif
optic ganglia layers in the brain. R1–R6 axons innervateand phosphorylates Bif in vitro. Cell culture studies
the most superficial layer, the lamina, whereas R7 anddemonstrate that Msn interacts with Bif to regulate
R8 project axons through the lamina into the deeperF-actin structure and filopodium formation. We pro-
medulla layer. The establishment of this layer-specificpose that Bif functions downstream of Msn to reorga-
R cell connectivity pattern begins at the late third-instarnize actin cytoskeleton in decelerating R cell growth
larval stage. The formation of each ommatidium in thecone motility at the target region.
third-instar eye-imaginal disc involves the sequential
recruitment and differentiation of R cells; R8 differenti-Introduction
ates first, followed by R2/5, R3/4, R1/6, and R7. R8
axons from each ommatidium migrate toward the mostMany regions of the nervous system are comprised of
posterior end of the eye-imaginal disc and subsequentlymultiple neuronal cell layers that are innervated specifi-
enter the optic stalk. After exiting the optic stalk, R8cally by axons from distinct neuronal populations. The
axons project through the superficial lamina layer andestablishment of such a layer-specific connectivity pat-
terminate within the developing medulla in a topo-tern requires proper guidance and targeting of growing
graphic fashion. R1–R7 axons from the same ommatid-axons during development (reviewed by Garrity and Zi-
ium follow the route of the pioneer R8 axon until theypursky, 1995). Axonal movement is directed by the
encounter a layer of lamina glial cells (i.e., marginal glia)growth cone, a sensorimotor structure located at the
(Perez and Steller, 1996; Poeck et al., 2001). While R1–R6
leading tip of a growing axon. Along the path of axonal
growth cones stop extension in response to some un-
outgrowth, the growth cone must recognize and inte-
known stop signals produced by marginal glial cells, R7
grate signals from attractive or repulsive guidance cues growth cones pass through the lamina into the medulla.
and subsequently convert the signals into changes in About 4–5 days after the initial targeting into the lamina,
actin-based cytoskeleton leading to directed motility R1–R6 growth cones undergo stereotyped rearrange-
(reviewed by Tanaka and Sabry, 1995; Tessier-Lavigne ments to establish synaptic connections with lamina
and Goodman, 1996). On reaching a specific target layer, neurons (Meinertzhagen and Hanson, 1993; Clandinin
the growth cone must recognize specific signals and and Zipursky, 2000).
shut down motility in order to establish synaptic connec- Previous studies have implicated the SH2/SH3 adap-
tions with target cells. tor protein Dock in mediating signaling events in R cell
While extensive studies in several systems have made growth cones (Garrity et al., 1996). Mutations in the dock
considerable progress in defining the general mecha- gene locus cause a failure for many R1–R6 growth cones
nisms that direct growth cone extension (reviewed by to stop at the lamina, and also cause defects in R cell
Tessier-Lavigne and Goodman, 1996), much less is axonal fasciculation and growth cone expansion. Bio-
known of the mechanism that makes growth cones stop chemical and genetic studies of Dock and its vertebrate
at a specific target layer underlying the formation of homolog Nck suggest that Dock/Nck utilizes its SH2
layer-specific connections. Several recent studies sug- and SH3 domains to recruit downstream effectors to
gest that growth cone termination is regulated by layer- tyrosine-phosphorylated activated proteins, thus induc-
ing the rearrangements of the actin cytoskeleton in
specifying growth cone decisions (e.g., Stein et al., 1998;1Correspondence: yong.rao@mcgill.ca
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Becker et al., 2000; Schmucker et al., 2000). In our previ-
ous studies we demonstrated that Misshapen (Msn), a
Ste20-like serine/threonine kinase, functions as a down-
stream effector of Dock in regulating R1–R6 growth cone
targeting (Ruan et al., 1999). Msn is the Drosophila ho-
molog of Nck-interacting kinase (NIK) in vertebrates
(Treisman et al. 1997; Su et al., 1997), which belongs to
the GCK subfamily of the Ste20-like serine/threonine
kinases (reviewed by Sells and Chernoff, 1997). In addi-
tion to Msn, Dock also interacts with Dpak, a member
of the Pak subfamily of the Ste20-like serine/threonine
kinases, in regulating R cell growth cone guidance (Hing
et al., 1999). Unlike Msn, Pak also has a binding site
(i.e., CRIB) for activated small Rho family GTPases Rac
and Cdc42, and has been shown to be regulated by the
combined action of Dock and the guanine nucleotide
exchange factor Trio (Newsome et al., 2000). Unlike loss
of dock, however, mutations in the trio locus do not
affect R1–R6 growth cone targeting (Newsome et al.,
2000). Those observations suggest that Dock links multi-
ple signals in R cell growth cones. Msn and Pak might
function separately to induce distinct cytoskeletal
changes in response to different Dock-linked upstream
Figure 1. Genetic Interaction between msn and bifsignals. Alternatively or additionally, Msn and Pak might
R cell projection pattern in third-instar larvae was visualized usingcooperate to mediate at least some Dock-dependent
MAb 24B10.signaling events.
(A) In wild-type, R1–R6 growth cones terminate within the laminaWe proposed that Dock-linked stop signals activate
(la), while R7 and R8 axons elaborate a precise array of expanded
Msn, which in turn induces the rearrangements of actin growth cones within the medulla (me).
cytoskeleton leading to the shutdown of R1–R6 growth (B) In larvae overexpressing msn, many R1–R6 growth cones (arrow-
head) terminated before they reached the normal lamina terminationcone motility at the lamina (Ruan et al., 1999). While
site. The medulla terminal field was also disorganized. The pheno-studies on vertebrate Paks have provided some molecu-
type was completely penetrant.lar details about the link between the activation of Pak
(C) In heterozygous bsk1 larvae overexpressing Msn, R cell projec-and the changes in actin cytoskeleton (e.g., Edwards et
tion pattern is indistinguishable from that in (B) (100%, n 16 hemi-
al., 1999; Arber et al., 1998), it remains unclear how Msn/ spheres). A similar result was obtained using a different allele bsk2
NIK and other GCK family members regulate cytoskele- (100%, n  14 hemispheres).
tal changes. To identify downstream targets of Msn in (D) In heterozygous bif R47 larvae overexpressing Msn, R cell projec-
tion pattern appeared largely normal. Scale bar: 20 m.R cell growth cones, we have undertaken a genetic dis-
section to search for second-site mutations that modify
a Msn hyperactivation phenotype. bifocal (bif), a gene
pathway. In our previous studies (Ruan et al., 1999), weencoding for a putative cytoskeletal regulator (Bahri et
generated a msn gain-of-function phenotype by overex-al., 1997), shows strong interaction with msn.
pressing Msn in R cell growth cones. In wild-type (FigureThe bif gene was originally identified for its role in
1A), after exiting the optic stalk, R1–R6 growth conesregulating R cell morphology in adult compound eyes
migrate over a distance of 20 m within the lamina,(Bahri et al., 1997). Mutations in bif disrupt the organiza-
then stop extension and expand significantly in size totion of F-actin filaments. Bif binds to F-actin in vitro
form the lamina plexus, while R7 and R8 growth cones(Sisson et al., 2000) and colocalizes with F-actin during
migrate through the lamina into the medulla. In larvaedevelopment (Bahri et al., 1997). In this paper we demon-
overexpressing msn, however, many R1–R6 growthstrate that bif, like msn, is also required for the proper
cones terminate before reaching the lamina plexus (Fig-targeting of R1–R6 growth cones. Msn binds directly to
ure 1B), a phenotype in marked contrast to that in msnBif and phosphorylates Bif in vitro. Genetic interaction
loss-of-function mutants in which many R1–R6 growthbetween msn and bif indicates that Bif functions down-
cones failed to stop at the lamina layer (Figure 3E) (Ruanstream of Msn to regulate actin reorganization. Msn
et al., 1999). Overexpression of msn also disrupts theis also capable of modulating Bif-induced cytoskeletal
regular array of R7 and R8 growth cones in the medulla.changes in cultured cells. We propose that Bif links the
We reasoned that if a gene functions downstream ofactivation of Msn and the changes in actin cytoskeleton
msn, then reducing the dosage of this gene by halfto decelerate R1–R6 growth cone motility at the target
would decrease the level of signaling through the Msnregion.
pathway, thereby suppressing the Msn hyperactivation
phenotype. Thus, a screen for modifiers of this msnResults
hyperactivation phenotype might lead to the identifica-
tion of other components of the Dock-Msn signalingReducing the Gene Dosage of bif Suppresses
pathway.a msn Hyperactivation Phenotype
To determine the feasibility of this approach, we ex-We undertook a genetic approach to search for genes
encoding other components of the Dock-Msn signaling amined if reducing the dosage of other genes in the
Msn Interacts with Bif during Axonal Targeting
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Figure 2. Bif Is Present in R Cell Axons and
Growth Cones
(A and B) Third-instar eye-imaginal discs
were stained with anti-Bif antibody. In wild-
type, Bif was predominantly localized to the
apical cortex of R cells (A). In bif R47/Y mutant,
no specific staining was observed (B).
(C–F) In vitro cultured wild-type (C and D) and
bif (E and F) R cells were stained with anti-
Bif antibody. Phase-contrast images (C and
E). Epifluorescent images (D and F).
(G and H) In vitro cultured wild-type R cell
clusters were double stained with either anti-
Bif (green) and DAPI (blue) (G) or anti-Msn
(green) and DAPI (blue) (H). Arrowhead indi-
cates the growth cone. Scale bar: 5 m.
genome would dominantly modify the pretarget termina- Bif functions downstream of Msn to regulate cytoskele-
tal changes in R cell growth cones.tion phenotype in flies overexpressing msn. Analysis of
deficiency lines showed that reducing the dosage of a
number of cytological regions could dominantly modify Bif Is Present in R Cell Growth Cones
Chia and colleagues previously demonstrated that Bifthe msn overexpression phenotype (data not show), in-
dicating that this msn gain-of-function genetic back- is present in R cell bodies (Bahri et al., 1997). To deter-
mine if Bif is also localized to R cell growth cones, weground is indeed sensitive to the dosage of other genes.
We then took this approach to examine the potential initially stained third-instar larval eye-brain complexes
with an affinity-purified anti-Bif antibody (a gift from W.interaction between msn and a set of genes that had
been previously implicated in regulating cytoskeletal Chia). Consistent with the report by Chia and colleagues,
Bif was detected in wild-type R cell bodies (Figure 2A),changes in Drosophila. Interestingly, we found that re-
ducing the dosage of bif largely suppressed the pretar- but not in bif mutants (Figure 2B). However, it was diffi-
cult for us to tell if Bif is expressed in R cell growthget msn hyperactivation phenotype (Figure 1D). Sup-
pression was observed using two different bif alleles cones in whole-mount tissues due to relatively high
background staining in the developing optic lobe. ToR38 (56%, n 34) and R47 (75%, n 20). In contrast,
reducing the dosage of bsk, a gene that encodes the further address this issue, we cultured dissociated third-
instar R cells and stained those cells with anti-Bif anti-fly homolog of C-Jun N-terminal kinase and has been
shown previously to function downstream of Msn to body. Positive staining was detected in wild-type R cell
bodies, axons, and growth cones (Figures 2D and 2G),regulate dorsal closure in early embryos (Su et al., 1998),
showed no effect (Figure 1C). This result argues against but not in bif mutants (Figure 2F). The strong staining
at the periphery of the cell body indicates that Bif isthat msn and bsk interact similarly in R cell growth
cones. predominantly associated with plasma membrane. We
conclude that Bif, like Dock and Msn (Figure 2H) (GarrityAmong other genes examined, we found that reducing
the dosage of cdc42 (10%, n  34 hemispheres) or et al., 1996; Ruan et al., 1999), is also present in R cell
growth cones.disabled (dab) (30%, n  12 hemispheres) enhanced
the msn overexpression phenotype. In eye-brain com-
plexes showing enhanced phenotype, R cell axons ter- The bif Gene Is Required for R1–R6 Growth
Cone Targetingminated within the optic stalk or the eye disc, which
was never observed in wild-type larvae overexpressing Both dock and msn are required for the proper termina-
tion of R1–R6 growth cones in the lamina (Garrity et al.,msn. No modification of the msn overexpression pheno-
type was observed by reducing the dosage of dpak (n 1996; Ruan et al., 1999). The function of Bif in the same
pathway, as suggested by the above dosage-sensitive28 hemispheres), Rho1 (n  30 hemispheres), all three
Rac genes Rac1-Rac2-Mtl (n  20 hemispheres), or interaction between msn and bif (Figure 1D), should lead
to altered R1–R6 targeting pattern in bif mutants. Tochickadee (chic) that encodes the fly homolog of profilin
(n  26 hemispheres). address this possibility, we examined the R cell projec-
tion pattern in bif mutants using cell-type-specific mark-That the Msn hyperactivation phenotype is sensitive
to the dosage of bif, together with previous reports ers. The projection pattern of all R cell axons in late
third-instar larvae was visualized using the R cell-spe-showing the link between Bif and the actin cytoskeleton
(see Introduction), raise the interesting possibility that cific marker MAb 24B10 (Figures 3A–3C). We found that
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Figure 3. Bif Is Required in the Eye for R1–R6 Growth Cone Targeting
(A–C) All R cell axons in third-instar larvae were stained with MAb 24B10. Wild-type (A). msnl(3)03349/msn102 mutant (B). bif R47/Y mutant (C).
(D–F) R2–R5 axons were visualized using the Ro-tau-lacZ marker. Wild-type (D). msnl(3)03349/msn102 mutant (E). bif R47/Y mutant (F). In (E) and (F),
many labeled R2–R5 axonal bundles projected abnormally into the medulla.
(G and H) R7 axons in third-instar wild-type (G) and bif R47/Y mutant (H) were labeled with the PM181-GAL4-UAS-lacZ marker.
(I and J) Wild-type (I) and bif (J) brains were stained with anti-Repo (red) and 24B10 (green). Abbreviations: eg, epithelial glia; lp, lamina plexus;
mg, marginal glia.
(K and L) R2–R5 axons were labeled with Ro-tau-lacZ. (K) In bif R38/Y mutants, many labeled axonal bundles (20) projected into the medulla
(100%, n  16 hemispheres). (L) In bif R38/Y mutants carrying an UAS-bif transgene under control of the eye-specific GMR-GAL4 driver, more
than 50% of hemispheres showed a dramatic reduction in the number of labeled axonal bundles in the medulla region (n  23). In these
hemispheres, only a few labeled axons (10) projected into the medulla. Arrows in (K) and (L) indicate larval photoreceptor axons (not R2–R5
axons) also stained by Ro-tau-lacZ. Genotype: bif R38/Y;GMR-GAL4/;UAS-bif/Ro-tau-lacZ. Scale bar: 20 m.
in bif mutants (Figure 3C), like in msn mutants (Figure 3E), many R2–R5 axons projected through the lamina
into the medulla layer (80%, n 30 hemispheres). This3B), gaps were frequently seen in the R1–R6 growth
cone termination site. The R7 and R8 terminal field in phenotype was also observed in three other bif alleles
examined, including bif R38 (Figure 3K), bif LH114, andthe medulla was also mildly disorganized in bif mutants.
To determine if the above defects are due to a failure bif EP(x)395.
To examine if bif mutations also affect R7 projectionsof R1–R6 growth cones to stop at lamina, we used the
Ro-Tau-lacZ marker (Garrity et al., 1999) to assess the we used an R7-specific marker PM181-GAL4-UAS-lacZ
(Lee et al., 2001) to label R7 axons in bif mutants. Intargeting pattern of a subset of R1–R6 growth cones
at third-instar larval stage. In wild-type, Ro-Tau-lacZ wild-type (Figure 3G), R7 axons migrate from the eye
disc through the optic stalk and lamina into the medulla.labeled R2–R5 axons within the lamina (Figure 3D). In
bif R47 mutants (Figure 3F), like in msn mutants (Figure Their growth cones expand significantly in size after
Msn Interacts with Bif during Axonal Targeting
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reaching the medulla region. In all bif mutants examined Msn, which may reflect a more general role for Bif in
cytoskeletal regulation.(n  20 hemispheres), the R7 projection pattern was
indistinguishable from that in wild-type (Figure 3H). To examine if the bif gain-of-function phenotype is
sensitive to the dosage of msn, the strong msn loss-R1–R6 targeting defect was unlikely due to abnormal
R cell differentiation or fate determination (e.g., transfor- of-function allele msn102 was crossed into the bif over-
expression background. No modification of the bifmation of a R1–R6 cell into an R7 or R8 fate) as assessed
by using several R cell-specific markers (data not overexpression phenotype was observed (n  30
hemispheres), which is in marked contrast to theshown). To further determine if R1–R6 targeting defect
in bif mutants reflects a direct role for Bif in R1–R6 observation that msn overexpression phenotype could
be largely suppressed by reducing the dosage of bifgrowth cones, we examined the development of the
target region by using the lamina neuronal differentiation (Figure 1D). However, while this data is consistent with
that bif functions downstream of msn in the pathway, itmarker Dachshund (data not shown) and the glial marker
Repo (Figures 3I and 3J). The differentiation and organi- cannot exclude the possibility that the reduced amount
of Msn is sufficient for the action of excess Bif sincezation of lamina neurons appeared normal in bif mutants
(data not shown). Lamina glia in bif mutants appeared the analysis was not performed in msn null mutants due
to technical reasons.less organized (Figure 3J) compared to that in wild-type
(Figure 3I). However, the number of glial cells in the The effect of Bif overexpression was also assessed by
placing UAS-bif under control of the R7-specific driverR1–R6 target region in bif mutants are similar to that in
wild-type, indicating that the differentiation and migra- PM181-GAL4 (Lee et al., 2001). In the absence of UAS-
bif, all R7 axons projected into the medulla (Figure 4G).tion of lamina glial cells occurred normally in bif mutants.
That the arrangement of glia in the target region was While R7 differentiation and the organization of R7 cell
bodies remained normal in larvae overexpressing eithermildly disorganized was likely caused by abnormal R
cell innervation. Mutations in several other genes (e.g., msn or bif in R7 cells (data not shown), we frequently
observed that a small number of R7 axons terminateddock and brakeless) that are required in R cells for tar-
geting also affected the organization of glial cells in within the lamina soon after exiting the optic stalk (six
out of ten larvae overexpressing msn; three out of seventhe target region (Garrity et al., 1996; Rao et al., 2000).
Furthermore, eye-specific expression of a bif transgene larvae overexpressing bif ) (Figures 4H and 4I). This phe-
notype, however, was less severe and less penetrantunder control of the GMR promoter in bif mutants largely
rescued R1–R6 targeting defects (Figure 3L). These re- than that caused by overexpression of msn or bif under
control of the GMR-GAL4 driver, which might be due tosults, together with the data showing the presence of
Bif in R cell axons and growth cones (Figure 2D), indicate the difference in either the level or the timing of GAL4
expression.that Bif is required in R cell growth cones for specifying
targeting decisions. In summary, like overexpression of msn, overexpres-
sion of bif also caused pretarget growth cone termina-
tion. Unlike overexpression of msn that only affected ROverexpression of Bif Disrupts R Cell Migration
cell growth cone targeting, however, overexpression ofand Axonal Projection Pattern
bif also caused abnormal migration of R cell clusters.Overexpression of Msn caused pretarget termination of
Since the organization of R clusters was not affected inmany R cell growth cones (Figure 1B) (Ruan et al., 1999).
third-instar bif loss-of-function mutants, we suspect thatTo determine if overexpression of Bif could also cause
excess bif induced this R cell migration phenotype bya similar dominant phenotype, we examined the R cell
interfering with cytoskeletal events in R cell bodies thatprojection pattern in wild-type larvae carrying an UAS-
are normally mediated by other proteins.bif transgene under control of the eye-specific GMR-
GAL4 driver. Indeed, we found that overexpression of
Bif induced an axonal projection phenotype similar, if Msn Binds to Bif and Phosphorylates Bif In Vitro
The genetic interaction between msn and bif may reflectnot identical, to that caused by Msn overexpression. In
all larvae carrying one copy of GMR-GAL4 and UAS-bif a direct physical interaction between Msn and Bif. Alter-
natively, Msn and Bif may interact indirectly through(Figure 4B), the R1–R6 termination layer displayed a mild
defect (n  10) compared to that in wild-type (Figure additional proteins. To distinguish among these possi-
bilities, we tested if Bif physically interacts with Msn.4A). The lamina plexus was often split due to the uneven
termination of R1–R6 growth cones, while the R7 and Recombinant proteins containing fragments of Bif were
generated. Interestingly, we found that immobilized glu-R8 terminal field in the medulla remained largely normal
(Figure 4B). When two copies of UAS-bif were present tathione-S-transferase (GST) fusion protein containing
the Bif carboxy-terminal fragment (amino acids 649–(Figure 4C), the phenotype became much more severe
in all hemispheres examined (n  20). The number of 1063) (GST-C-Bif), but not GST protein alone, could pre-
cipitate Msn in a dosage-dependent manner from cellprematurely terminated R cell axons increased dramati-
cally. In addition, the R7 and R8 terminal field was also lysates (Figure 5A). The immobilized GST-C-Bif was also
able to precipitate Msn from solutions containing onlyseverely disrupted. Interestingly, the increase in the dos-
age of the bif transgene also severely disrupted the affinity-purified Msn (Figure 5A), indicating a direct inter-
action between Msn and Bif. To determine if Msn andorganization of R cell clusters in all eye discs examined
(n 22). Many R cell bodies migrated abnormally toward Bif also form a complex in vivo, COS-7 cells were
cotransfected transiently with Msn and epitope-taggedthe most posterior end and accumulated at the entry
point of the optic stalk (Figure 4F). This R cell migration Bif expression constructs. The formation of complexes
was examined by coprecipitation. As shown in Figurephenotype was never observed in larvae overexpressing
Neuron
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Figure 4. Overexpression of bif in R Cells Disrupted R Cell Migration and Axonal Targeting
(A–C) R cells axons in wild-type larvae (A), larvae carrying a single copy of GMR-GAL4 and UAS-bif (B), or larvae carrying one copy of GMR-
GAL4 and two copies of UAS-bif (C) were stained with MAb 24B10. No phenotype was observed in larvae carrying two copies of UAS-bif in
the absence of GMR-GAL4 (data not shown).
(D–F) Organization of R cell clusters in wild-type larvae (D), larvae carrying a single copy of GMR-GAL4 and UAS-bif (E), or larvae carrying
one copy of GMR-GAL4 and two copies of UAS-bif (F), were visualized with MAb 24B10 staining.
(G–I) R7 axons in third-instar wild-type larvae (G) and larvae overexpressing msn (H) or bif (I), were stained with the PM181-GAL4-UAS-lacZ
marker.
(J–L) Shown in (J)–(L) are higher magnification views of the boxed region in (G)–(I), respectively. Arrowheads indicate prematurely terminated
R7 growth cones. Scale bar: (A)–(I), 20 m; (J)–(L), 5 m.
5B, Msn was copurified with Bif from cell lysates, indicat- The Kinase Activity Is Essential for the Function
of Msn in R Cell Growth Conesing an in vivo association of Msn with Bif.
To further determine if Bif is a substrate of Msn, we Some GCKs can activate downstream kinases indepen-
dently of their kinase domains (reviewed by Dan et al.,performed an in vitro kinase assay. Recombinant Msn
protein was prepared using the Drosophila expression 2001). While the intrinsic kinase activity of Msn has been
shown to be required for regulating dorsal closure duringsystem from Invitrogen. As shown in Figure 5C, Msn
strongly phosphorylated recombinant Bif protein con- early embryonic development (Su et al., 2000), it was
unclear if the role of Msn in R cell growth cones is alsotaining either the carboxy-terminal fragment (i.e., GST-
C-Bif) or an amino-terminal fragment (amino acids dependent on its kinase activity. To address this, we
tested if a kinase-defective form of Msn (Msn D160N)1–563) of Bif. In contrast, no obvious phosphorylation
of GST alone was observed. could rescue R cell projection defects in msn mutants.
Wild-type and mutant UAS-msn were expressed underIn summary, the above experiments indicate that Msn
is capable of associating directly with Bif and phosphor- control of the neuronal-specific elav-Gal4 driver in larvae
that are homozygous for a msn hypomorphic mutationylating Bif.
Msn Interacts with Bif during Axonal Targeting
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GMR eye-specific promoter in all individuals examined
(n  9, Figure 6D). Neuronal-specific expression of Msn
(D160N) also decreased the viability of msn mutant em-
bryos; only 5% of msnl(3)03349 embryos expressing Msn
(D160N) could survive to the pupal stage (compared
to 90% in the absence of this transgene), suggesting
that Msn (D160N) functions as a dominant-negative form
to inhibit the function of either maternal msn or residual
zygotic msn or both in early msnl(3)03349 embryos.
Msn Interacts with Bif to Regulate F-Actin
Organization and Filopodium Formation
in Cultured Cells
While above studies indicate the involvement of Bif in
the control of growth cone cytoskeleton, the exact role
of Bif in regulating cytoskeletal changes was unclear.
To address this, we examined the effect of Bif expres-
sion on the level and the distribution of F-actin in COS-7
cells. Untransfected cells or cells transfected transiently
with GFP alone showed low level of F-actin (Figure 7B),
which were mainly found at cell periphery and were
occasionally present as thin fibers within the cell body.
Expression of Msn alone affected neither the level of
F-actin nor cell morphology (n  200, data not shown).
To examine the effect of Bif on actin cytoskeleton,
COS-7 cells were transiently transfected with a con-
struct encoding a GFP-Bif fusion protein. Remarkably,
we found that GFP-Bif not only colocalized with F-actin
Figure 5. Physical Interaction between Msn and Bif in transfected cells, it also greatly increased the level
(A) In vitro binding. Bottom panel, lanes 1 and 2 were loaded with of F-actin in all cells examined (n  500) and induced
total cell lysates prepared from 8  107 untransfected Drosophila striking morphological changes (Figures 7E–7G). Many
Schneider-2 (S2) cells and S2 cells stably transfected with a 6His- Bif-positive cells formed a large number (20) of micros-
tagged Msn expression construct, respectively. Lanes 3–6 were pikes (5 m) and long thin projections that resemble
loaded with proteins precipitated from cell lysates using immobilized
filopodia (5 m) (36%, n  500). Filopodium forma-GST (5 g) or GST-C-Bif (amino acids 649–1063) fusion protein (0.5,
tion was correlated with the level of GFP-Bif expression,2, or 5 g). Lysates were prepared from 8  107 S2 cells stably
transfected with the 6His-tagged Msn expression construct. Lanes as all cells displaying multiple filopodia-like structures
7 and 8 were loaded with precipitates obtained by incubating either expressed high level of GFP-Bif.
5 g immobilized GST or GST-C-Bif with the solution containing To determine the effect of Msn on Bif-induced cy-
0.2 g 6His-Msn recombinant protein purified using a nickel- toskeletal changes, COS-7 cells were cotransfected
affinity column. The blot was probed with anti-Msn antibody. Top
with Msn and GFP-Bif constructs. While the level ofpanel, the amount of GST and GST-C-Bif was visualized by probing
F-actin in cells coexpressing Msn and GFP-Bif (Figurethe same blot with anti-GST antibody.
(B) Coprecipitation. Left panels, blots were probed with anti-Msn 7J) remained high similarly to that in cells expressing
antibody. Top panel, lanes were loaded with precipitates obtained GFP-Bif alone (Figure 7F), the organization of F-actin
by incubating nickel-charged resins with lysates made from COS-7 was significantly altered. In cells expressing GFP-Bif
cells transiently transfected with Msn expression construct alone alone, actin tended to form long fine fibers (Figures 7F
(lane 1) or with both Msn and 6His-Xpress-tagged Bif constructs
and 7R). In contrast, in cells coexpressing Bif and Msn,(lane 2). Bottom panel, lanes were loaded with 1/25 of inputs.
actin fibers were frequently seen as short large bundlesRight panel, the same blot in the left top panel was reprobed with
anti-Xpress monoclonal antibody to detect precipitated Bif. and irregular large aggregates (Figures 7J and 7S). The
(C) In vitro phosphorylation of Bif by Msn. All lanes were loaded number of cells with filopodia-like structures also de-
with 2 g substrates: lane 1, GST; lane 2, GST-C-Bif; and lane 3, creased significantly when cotransfected with Bif and
6His-tagged N-Bif. Msn (19%, n  177). Filopodia in cells coexpressing Bif
and Msn were much shorter and less branched than
that in cells expressing Bif alone (compare Figure 7Jmsnl(3)03349. While most msnl(3)03349 embryos could eventu-
ally develop into pupae, they all die at the late pupal with 7F). Only 13% filopodia (n  285) measured in
cells coexpressing Bif and Msn were 10 m in length,stage. msnl(3)03349 third-instar larvae displayed a mild de-
fect in R cell axonal projections (Figure 6A). Neuronal- while 47% filopodia (n  160) measured in cells ex-
pressing Bif alone were10 m in length. To determinespecific expression of wild-type Msn rescued the R cell
projection defect in all individuals examined (n  12, if the intrinsic kinase activity of Msn is required for its
effect, the kinase-defective form of Msn (D160N) wasFigure 6B). In contrast, no rescue was observed with
the kinase-defective Msn (D160N) in all hemispheres also included in the experiments. Unlike Msn, Msn
(D160N) affected neither the organization of F-actin norexamined (n  10, Figure 6C). Similarly, Msn (D160N)
was unable to induce premature growth cone termina- the formation of filopodium in Bif-positive cells (31%,
n  118; Figures 7M–7P and 7T).tion when overexpressed in R cells under control of the
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Figure 6. The Kinase Domain Is Essential for
the Function of Msn in R Cell Growth Cones
Third-instar eye-brain complexes were
stained with MAb 24B10.
(A) In msnl(3)03349 mutants, the lamina plexus
was uneven. Abnormally large bundles were
also observed in the medulla.
(B) In msnl(3)03349 mutants carrying an UAS-msn
transgene under control of the neuronal-spe-
cific elav-GAL4 driver, the R cell projection
pattern was indistinguishable from that in
wild-type.
(C) In msnl(3)03349 mutants carrying an UAS-msn
(D160N) transgene under control of the neu-
ronal-specific elav-GAL4 driver, no rescue
was observed. Arrowheads in (A) and (C) indi-
cate abnormally large bundles in the medulla.
(D) In wild-type larvae overexpressing Msn
(D160N), R cell termination pattern remained
normal. Scale bar: 20 m.
In summary, Bif promoted actin polymerization and to activated Dscam. We speculate that Dock relays stop
signals to Msn similarly in the adult visual system toinduced filopodium formation in cultured cells. Although
regulate R1–R6 growth cone targeting. In our previousMsn alone did not affect F-actin nor cell morphology, it
study we showed that Dock and Msn form an in vivomodulated the effect of Bif on actin cytoskeleton. The
complex at both larval and adult stages (Ruan et al.,action of Msn was dependent on its intrinsic kinase
1999). We speculate that when R1–R6 growth conesactivity.
reach the lamina, stop signals produced by the interme-
diate target (i.e., lamina marginal glia) activate theirDiscussion
growth cone receptors, which subsequently recruit the
Dock-Msn complex. Consequently, this might bring MsnIn this paper we have identified bif as an msn-interacting
in proximity to Bif or directly stimulate the activity of Msngene in regulating R1–R6 growth cone targeting. Our
through a conformational change, leading to increased
previous studies indicated that Msn shuts down R1–R6
phosphorylation on Bif.
growth cone motility at the target region in response to
While Msn associates directly with Bif and phosphory-
Dock-linked stop signals (Ruan et al., 1999). Here we
lates Bif in vitro (Figure 5), we do not know if Msn and
present several lines of evidence that support that Bif Bif constitutively associate in R cell growth cones or if
functions downstream of Msn in R cell growth cones. the association between them is transient and depen-
First, we demonstrated that the msn hyperactivation dent on stop signals from the target region. Given that Bif
phenotype is largely suppressed by reducing the dosage is predominantly associated with the plasma membrane
of bif. Second, Bif, like Dock and Msn, is present in R (Figure 2D), we speculate that the recruitment of Dock-
cell axons and growth cones. Third, loss of bif, like loss Msn complex by activated growth cone receptors might
of dock and msn, causes an R1–R6 growth cone nonstop relocate Msn from cytoplasm to plasma membrane, thus
phenotype. Fourth, like overexpression of Msn, overex- bringing Msn and Bif together. The formation of such
pression of Bif also induces pretarget growth cone ter- a signaling complex could allow Msn to regulate the
mination. Fifth, Msn, whose kinase activity is essential function of Bif through phosphorylation, or relocate Bif
for its function in R cell growth cones, binds to Bif and into a specific region within the growth cone to initiate
phosphorylates Bif in vitro. Finally, Msn interacts with downstream events. Testing these speculations awaits
Bif in cultured cells to regulate F-actin reorganization the identification of upstream stop signals and R cell
and filopodium formation. We propose that Msn, acti- growth cone receptors.
vated by a Dock-linked stop signal, phosphorylates Bif, How does the interaction between Msn and Bif regu-
which in turn reorganizes the actin cytoskeleton to shut late the changes in growth cone cytoskeleton? One pos-
down R1–R6 growth cone motility. sible scenario is that Bif, activated by Msn, induces the
How could upstream stop signals be relayed through redistribution of F-actin within the growth cone, leading
Dock and Msn to Bif? While the molecular nature of to the withdrawal of the growth cone leading edge. Con-
upstream regulators of Dock in R cell growth cones sistently, our cell culture studies show that Msn can
remains unknown, it has been shown that Dock func- reorganize Bif-induced actin fibers and reduce the num-
tions downstream of the guidance receptor Dscam, a ber and the length of filopodia-like structures. Several
member of immunoglobulin superfamily, in larval photo- studies have also demonstrated that the arrest of growth
receptor growth cones (Schmucker et al., 2000). Dock cone extension in vitro could be achieved through
growth cone collapse (e.g., Cox et al., 1990; Luo et al.,mediates growth cone signaling through recruiting Pak
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Figure 7. Regulation of Actin Cytoskeleton by Bif and Msn in Cultured Cells
COS-7 cells were transfected transiently with GFP (A–D), GFP-Bif (E–H), GFP-BifMsn (I–L), or GFP-BifMsn (D160N) construct (M–P), and
analyzed by confocal microscopy. GFP-Bif (green) (A, E, I, and M), F-actin (red) (B, F, J, and N), and Msn (blue) (D, H, L, and P) were visualized
using GFP fluorescence, rhodamine-conjugated phalloidin, and anti-Msn antibody, respectively. (Q)–(T) are higher magnification views of (B),
(F), (J), and (N), respectively. Arrows in (F) indicate portions of three cells that do not express GFP-Bif. Scale bar: (A)–(P), 40 m; (Q)–(S),
20 m.
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1993), which is due at least in part to the loss of actin Msn (i.e., stop signals and growth cone receptors). The
bundles at the leading edge of the growth cone (Fan et Dock-Msn-Bif pathway is unlikely to be the only signal-
al., 1993; Zhou and Cohan, 2001). While the fact that ing pathway for R1–R6 growth cone targeting. In dock
R cell growth cones expand significantly in size upon null mutants, many R1–R6 axons still terminate correctly
reaching the target region argues against a mechanism (Garrity et al., 1996), indicating the involvement of addi-
involving the collapse of the whole growth cone, it re- tional signaling mechanism for R cell growth cone tar-
mains possible that the initial termination involves partial geting. Indeed, we and others have recently demon-
growth cone collapse at the leading edge after exposure strated that mutations in the brakeless gene disrupted
to stop signals. Since R cell growth cone morphology R1–R6 growth cone targeting more severely than either
remains normal in msn and bif mutants (Figures 3B and loss of dock, msn, or bif (Rao et al., 2000; Senti et al.,
3C), we favor the view that the interaction between Msn 2000). Dissection of the brakeless pathway will identify
and Bif regulates the reorganization of actin filaments additional key players required for R cell growth cone
in spatially restricted domains within the growth cone targeting.
without affecting the general structure of growth cone
cytoskeleton.
Experimental ProceduresThat Bif colocalized with F-actin and could promote
actin polymerization in cultured cells (Figure 7), together Drosophila Stocks and Genetic Crosses
with the report that immobilized F-actin could pull down bif R38, bif R47, and bif LH114 lines were provided by W. Chia. bsk1, bsk2,
Bif from fly lysates (Sisson et al., 2000), suggest strongly chic1320, msnl(3)03349, and Rho1E3.10 lines were provided by the
Bloomington Drosophila Stock Center. w; msn102, FRT80, and UAS-that Bif associates either directly or indirectly with
msn lines were provided by J. Treisman. PM181-GAL4-UAS-lacZF-actin filaments. Such association may stabilize actin
and dpak mutant lines were provided by S.L. Zipursky. Rac1J11Rac2filaments, thus contributing to the dramatic increase in
Mtl triple mutant line was provided by B. Dickson and L. Luo. dabM54
the level of F-actin observed in cultured cells (Figure 7). mutant line was provided by Michael Simon. Ro-tau-lacZ lines were
Whether Bif also plays a similar role in promoting actin provided by U. Gaul. EP(3)549 and EP(X)395 lines were provided by
polymerization in R cells remains unclear as loss of bif the Berkeley Drosophila Genome Project (BDGP).
Msn were overexpressed in all R cells as described (Ruan etaffected neither growth cone outgrowth nor the amount
al., 1999). Genetic interaction between msn and other genes wasof F-actin in R cell bodies and growth cones (data not
quantified as follows. Hemispheres with smooth lamina terminationshown). One possible explanation is that other function-
layer and relatively organized medulla termination pattern wereally redundant proteins maintain the level of F-actin in
scored as “suppressed.” Hemispheres with premature termination
the absence of Bif. We speculate that Bif may have at of R cell growth cones within the optic stalk or the eye disc were
least two activities in R cell growth cones. First, Bif may scored as “enhanced.” The analysis was performed blindly.
be functionally redundant with other proteins to promote To generate transgenic flies for rescue and overexpression experi-
ments, UAS-msn (D160N) and UAS-bif constructs were generatedactin polymerization. Additionally, it may also play a
and introduced into flies using standard methods. At least two inde-role in restructuring F-actin in terminating R cell growth
pendent UAS-msn (D/N) and UAS-bif transgenic lines were gener-cones. The latter activity of Bif may resemble that of the
ated and used in the experiments.
Dictyostelium actin binding protein Severin. Severin and
its mammalian homolog Gelsolin can bind to F-actin and
fragment actin filaments. Interestingly, both Severin and Plasmid Construction and Protein Purification
pMT/V5-His B and pCDNA 3.1 (Invitrogen) plasmid vectors wereGelsolin could also be phosphorylated by members of
used to express Msn in Drosophila S2-cells and COS-7 cells, respec-the GCK family of Ste20-like kinases in vitro (Eichinger
tively. pGEX-4T-1, pCDNA3.1/His C (Invitrogen), and pEGFP-C2et al., 1998; Fu et al., 1999). We speculate that phosphor-
(Clontech) plasmid vectors were used to express Bif and Bif frag-
ylation of Bif by Msn might directly increase such activity ments in bacteria, S2-cells, and COS-7 cells, respectively. 6His-
of Bif, thus inducing the shortening and aggregation of tagged Msn and N-Bif were purified from cell lysates using affinity
F-actin filaments leading to growth cone termination. column packed with nickel-charged resins (QIAGEN).
In addition to Msn, it has been shown recently that
Bif also interacts with a protein phosphatase PP1 (Helps
In Vitro Binding Assayet al., 2001). Bif binds directly to PP1 and modulates its
In vitro binding assay was performed as described (Ruan et al.,
phosphatase activity in vitro. The interaction between 1999). Affinity-purified rabbit anti-Msn antibody (1:2000) or anti-
Bif and PP1 is proposed to be essential for morphologi- 6His monoclonal antibody (1:5000) (Invitrogen) was used to detect
cal changes in R cell bodies later in the development. Msn.
Interestingly, in human T lymphocytes, PP1 has been
shown to reactivate cofilin by dephosphorylation (Am-
Coprecipitationbach et al., 2000). Similarly, PP1 might also interact with
COS-7 cells were cotransfected transiently with Msn and 6His-
Bif in R cell growth cones to dephosphorylate Bif and/ XPress-tagged Bif constructs using standard method. Two days
or other actin binding proteins phosphorylated by Msn, after transfection, cells were collected and lysed in lysis buffer (50
thus promoting the effective remodeling of actin cy- mM NaH2PO4, 150 mM NaCl, 10% glycerol, 1% Triton-X-100, 20 mM
toskeleton after the initial targeting of R cell growth imidizol, 1mM PMSF, 1 g/ml Leupetin, 1 g/ml Pepstatin, pH 8.0).
Nickel-charged resins were incubated with either lysates made fromcones.
cells cotransfected with Bif and Msn constructs or lysates madeIn conclusion, we have shown here that Bif functions
from cells transfected with Msn construct alone for 2 hr at 4C,downstream of Msn to regulate R1–R6 growth cone tar-
washed three times with lysis buffer, resuspended in SDS-loading
geting. Our results suggest a role for Bif to induce the buffer, and analyzed by gel electrophoresis and Western blot. Affin-
remodeling of actin cytoskeleton in R cell growth cones ity-purified rabbit anti-Msn antibody (1:2000) and mouse monoclonal
in response to a Dock-linked stop signal. Future studies anti-XPress antibody (1:5000) (Invitrogen) were used to detect Msn
and 6His-XPress-tagged Bif, respectively.will identify proteins that function upstream of Dock and
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In Vitro Kinase Assay Edwards, D.C., Sanders, L.C., Bokoch, G.M., and Gill, G.N. (1999).
Activation of LIM-kinase by Pak1 couples Rac/Cdc42 GTPase sig-2 g GST, GST-C-Bif, or 6His-tagged-N-Bif was mixed with 0.1
g recombinant Msn in 30 l kinase buffer (50 mM HEPES, pH 7.0, nalling to actin cytoskeletal dynamics. Nat. Cell Biol. 1, 253–259.
10 mM MgCl2, 1 mM dithiothreitol, 1 M ATP, and 5 ci [	
32P] Eichinger, L., Bahler, M., Dietz, M., Eckerskorn, C., and Schleicher,
ATP). The mixture was incubated at 30C for 30 min. The reaction M. (1998). Characterization and cloning of a Dictyostelium Ste20-
was stopped by the addition of 10 l 4SDS-PAGE sample buffer. like protein kinase that phosphorylates the actin-binding protein
Proteins were then separated by SDS-PAGE and analyzed by auto- severin. J. Biol. Chem. 273, 12952–12959.
radiography.
Fan, J., Mansfield, S.G., Redmond, T., Gordon-Weeks, P.R., and
Raper, J.A. (1993). The organization of F-actin and microtubules inImmunohistochemistry
growth cones exposed to a brain-derived collapsing factor. J. CellDissociated R cells were cultured in Leibovitz’s L-15 medium
Biol. 121, 867–878.(GIBCO) as described (Li and Meinertzhagen, 1995). Cultured R
Fu, C.A., Shen, M., Huang, B.C., Lasaga, J., Payan, D.G., and Luo,cells were then stained with anti-Bif antibody (1:500) and FITC-
Y. (1999). TNIK, a novel member of the germinal center kinase familyconjugated goat anti-rabbit secondary antibody (1:200) (Jackson
that activates the c-Jun N-terminal kinase pathway and regulatesImmunochemicals). Epifluorescent images were captured using a
the cytoskeleton. J. Biol. Chem. 274, 30729–30737.high-resolution fluorescence imaging system (Canberra Packard).
GFP-Bif and F-actin in transfected COS-7 cells were visualized using Garrity, P.A., and Zipursky, S.L. (1995). Neuronal target recognition.
GFP fluorescence and rhodamine-conjugated phalloidin, respec- Cell 83, 177–185.
tively. Msn expression in COS-7 cells was detected using rabbit Garrity, P.A., Rao, Y., Salecker, I., McGlade, J., Pawson, T., and
anti-Msn antibody (1:2000), followed by Cy5-conjugated goat anti- Zipursky, S.L. (1996). Drosophila photoreceptor axon guidance and
rabbit secondary antibody (1:200) (Jackson Immunochemicals). targeting requires the dreadlocks SH2/SH3 adapter protein. Cell 85,
Confocal laser scanning microscopy (CLSM) was performed with a 639–650.
Leica TCS SP II.
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